Introduction
Common inflammatory autoimmune disorders, such as multiple sclerosis (MS), type 1 diabetes and rheumatoid arthritis (RA) are complex chronic diseases with poorly understood etiologies. We are particularly interested in MS that is a chronic inflammatory disease of the central nervous system. Both environmental and genetic factors contribute to its etiology. 1 The human leukocyte antigen complex is a major genetic regulator of MS, 2-4 whereas non-human leukocyte antigen genes are numerous and have low odds ratios (ORs). 5, 6 Only recently, with analysis of very large cohorts, non-human leukocyte antigen MS genes are starting to be unambiguously identified. [7] [8] [9] [10] [11] [12] [13] [14] Another important concept is the sharing of risk genes between inflammatory diseases, 15 as now demonstrated for type 1 diabetes and MS genes. 12 Therefore, cross-disciplinary genetics may be rewarding. Discovery of additional genes contributing to MS and their disease regulatory mechanisms may allow the development of more selective therapies and biomarkers in MS.
There are many obstacles in studying genetic regulation of autoimmune disorders in human cohorts, including limited possibility of functional studies and an uncontrolled contribution of environmental factors. Positioning of disease regulating loci can also be achieved using animal models in rodents mimicking the human diseases in which both genetic and environmental factors can be controlled. Numerous quantitative trait loci (QTL) have previously been mapped using crosses between inbred rodent strains with diverse susceptibilities to autoimmune inflammatory diseases. 16 Recent progress suggests that this strategy is productive in revealing susceptibility genes and functional pathways shared between experimental models and complex human disorders. 17 Experimental autoimmune encephalomyelitis (EAE), a model for MS, has defined pathogenic mechanisms underlying neuroinflammation, and has allowed development of treatments for MS. 18 Experimental autoimmune encephalomyelitis induced with myelin oligodendrocyte glycopreotein (MOG) in rats closely mimics clinical and pathological features of human MS. 19 Furthermore, the cytokine orchestration in MS and EAE correlate well. [20] [21] [22] Similarly, various animal models for RA have been used, with pristane-induced arthritis (PIA) being the model of choice for studies on erosive RA and acute-phase responses in arthritis. 23 It best fulfills the criteria for diagnosis of RA 24 and is characterized by pronounced bone and cartilage erosions, presence of serum rheumatoid factors and T-cell infiltrations in joints. 25 In this study, we investigate a quantitative trait locus on rat chromosome 1, originally identified in a (LEW.1AV1 Â PVG.1AV1) F 2 cross (Lewis Â Piebald-ViralGlaxo), which carries variants of gene(s) regulating levels of tumor necrosis factor (TNF), interleukin (IL)-6 and IL1b. 26 Interestingly, the QTL overlaps loci that regulate EAE and PIA. 27, 28 Defining genes behind this region might therefore unravel genetically controlled pathways that regulate inflammation in general. Here we aimed first to fine-map candidate genes responsible for the regulation of EAE and PIA in vivo, as well as for in vitro cytokine production after stimulation with lipopolysaccharide (LPS), and secondly to determine whether any of the human homologous genes associate with MS or ex vivo cytokine production. We have refined this large80-Mb QTL into two narrow loci: Eae30 and Eae31/Pia32 using the tenth (G 10 ) and twelfth (G 12 ) generation of advanced intercross line (AIL) subjected to EAE and PIA, respectively. Subsequent investigation of candidate genes from Eae30 and Eae31 in a Nordic MS case-control cohort demonstrated association of RGMA and IL21R with MS.
Results
A locus on rat chromosome 1 resolves into two independent QTL that regulate expression of TNF and IL-6 A region on rat chromosome 1 was previously linked to LPS-induced TNF responses in an F 2 cross between the EAE-resistant PVG.1AV1 and EAE-susceptible LE-W.1AV1 strains. 26 To confirm and refine this region, peripheral blood from 465 rats of the twelfth generation (G 12 ) of an AIL was stimulated with LPS and screened for TNF and IL-6 production. The linkage analysis defined two distinct loci regulating IL-6 production, whereas TNF production only linked to the distal locus ( Figure 1a ). Higher TNF and IL-6 levels were driven by the susceptible dark Agouti (DA) alleles at the distal QTL, whereas higher IL-6 levels were driven by the resistant PVG.1AV1 alleles at the proximal QTL. The G 12 AIL thus confirmed and considerably refined previously reported linkage 26 and provided evidence for at least two distinct genes that regulate levels of TNF and IL-6.
Refined TNF and IL-6 QTL also regulate susceptibility to experimental encephalomyelitis and arthritis We next sought to determine whether these loci controlling cytokine production also regulate experimental inflammatory diseases. We performed a linkage analysis in 794 (DA Â PVG.1AV1) rats of an AIL-G 10 subjected to MOG-induced EAE (MOG-EAE) 29 and in 465 (DA Â PVG.1AV1) rats of AIL-G 12 subjected to PIA.
Linkage analysis in EAE confirmed two separate QTL overlapping with the loci controlling TNF and IL-6 production ( Figure 1b) . The first QTL, hereafter named Eae30, spans 6 Mb between the markers D1Rat217 and D1Rat270, and showed significant linkage to all clinical phenotypes in addition to a linkage to the production of anti-MOG IgG2b (Supplementary Table S1 ; Figures 1b and c). Disease susceptibility and increased anti-MOG IgG2b levels were conferred by the EAE-susceptible DA alleles. The second QTL, Eae31, covering a region of B10 Mb between D1Rat193 and D1Rat68, was linked to all clinical phenotypes and to anti-MOG IgG1, IgG2b and total IgG titers (Supplementary Table S1 ; Figures 1b and  c) . The PVG allele drove more severe disease and higher levels of anti-MOG IgGs. For both QTL, there were effects of sex as an interactive covariate for all linked disease and immune sub-phenotypes in a complex manner. On analysis of female and male rats separately in Eae30, female rats displayed significant linkage to all clinical phenotypes, but not to anti-MOG IgGs, whereas male rats displayed significant linkage to incidence, day of onset and anti-MOG IgGs. For the Eae31 locus, female rats also displayed significant linkage to all clinical phenotypes, but not to the IgG response. In males, there was no linkage to clinical phenotypes, but instead to the anti-MOG IgGs (Supplementary Table S1 ).
In an analogous linkage study on PIA, we identified Pia32, spanning B2.1 Mb from D1Rat193 to D1Got334 and overlapping with Eae31 and the QTL of IL-6 and TNF. Pia32 linked to disease incidence, onset and disease severity (Supplementary Table S2 ; Figure 1d ). Collectively, the Eae31/Pia32 defines a narrow locus controlling two different organ-specific inflammatory diseases.
Confirmation of linkage data in a congenic strain
On the basis of data from the F 2 cross, we developed a congenic rat strain, PVG.LEW-D1Rat270-D1Rat68 (hereafter called PVG.LEW) by selectively breeding a fragment from the EAE-susceptible LEW.1AV1 into a genetic background of the major histocompatibility complexidentical, but EAE-resistant, PVG.1AV1. We used AIL to predict how the congenic strain should behave. Interestingly, in an interactive two-QTL model, we could identify additional influences in the region from an interactive QTL, intQTL, with Eae30 at marker D1Rat131 (Supplementary Table S3 ; Figure 2a ). The allelic combination at different QTL present in the congenic strain should drive a more severe disease and higher levels of TNF and IL-6 (Supplementary Table S4 ; Figure 2b ). Accordingly, in vitro experiments with LPS stimulation on peripheral blood mononuclear cells (PBMCs) from naive PVG.LEW congenics and PVG have demonstrated that PVG.LEW produced higher levels of TNF compared with the parental PVG.1AV1 strain (Table 1; Figure 3a) . Furthermore, IL-6 production was elevated in PVG.LEW compared with PVG.1AV1 (Table 2; Figure 3b ). Several experiments with different MOG batches were performed, in which the PVG.LEW congenic displayed a higher incidence and mortality and a more severe disease course displayed by a higher maximum and cumulative EAE score (Table 3 ; Figure 3c ). Thus, the congenic strain confirmed the influence of the region on EAE, TNF and IL-6 in accordance with linkage analysis in AIL, associating disease susceptibility and severity with elevated levels of TNF and IL-6.
Definition of candidate genes
We hypothesized that the linked phenotypes for each QTL were controlled by the same genetic variation in each of the QTL. On the basis of the combined data on AIL-G 10 and AIL-G 12 , the shared regulatory region between Eae30, the QTL for IgG2b and IL-6, was reduced to less than 2.4 Mb, spanning 127.9-130.3 Mb on rat chromosome 1. This locus is gene sparse, harboring only a few genes and transcripts, including Apolipoprotein AI regulatory protein 1, the repulsive guidance molecule RGMA, chromodomain helicase DNA-binding protein 2 Figure 1 Log-likelihood (LOD: logarithm of the odds) plots for the quantitative trait loci (QTL) identified regulating myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis (MOG-EAE), pristane-induced arthritis (PIA), anti-MOG antibodies and cytokine levels in rats of advanced intercross line (AIL)-G 10 and AIL-G 12 . All markers used for this linkage are not depicted in these plots. Full list of used markers can be found in the Materials and methods section. (a) Linkage to tumor necrosis factor (TNF; thick black line) and interleukin-6 (IL-6; thick gray line) production after WB-LPS stimulation in rats of AIL-G 12 (data for IL-6 is from the female subset). Significance threshold for respective phenotype is depicted with the corresponding color and line type as the phenotype itself. (b) Linkage analysis on AIL-G10 rats with cumulative EAE score in MOG-EAE in G10 with sex as an interactive covariate (thick black line). Significance threshold is depicted as a dotted black line. (c) Linkage to total IgG (dashed black line), IgG1 (thick black line) and IgG2b (thick gray line) production on day 12 of MOG-EAE in G 10 with sex as an interactive covariate. Significance threshold for respective phenotype is depicted with the corresponding color and line type as the phenotype itself. (d) Linkage analysis on cumulative score in PIA-G 12 with sex as an interactive covariate (thick black line). Significance threshold is depicted as a dotted black line.
(Chd2), alpha-2,8-sialyltransferase 8B (ST8SiaII) and solute carrier organic anion transporter family member 3A1 (Slco3a1) (Figure 4) .
The 10-Mb region of Eae31 is more gene dense, with many genes having immunoregulatory functions. Implementing the same strategy, as used for Eae30, we focused on the common region shared among Eae31, Pia32 and the QTL for IL-6, TNF and the anti-MOG antibodies. We thus defined a combined confidence interval smaller than 2. Effect plot illustrating the influence of the interaction between Eae30 and intQTL on incidence. On a scale between 0 to 1, where 0 means no disease incidence and 1 is for complete penetrance of disease with 100% incidence in a treated group. A PVG allele at D1Mit17 (Eae30) in combination with a dark Agouti (DA) allele at D1Rat131 (intQTL) leads to a higher EAE incidence (460%). Pia32, in a Swedish case-control study (SWE I) consisting of 1018 MS patients and 1215 controls. The association analysis identified some nominally significant associations in all genes (Supplementary Table S5 ). We also found certain haplotypes modestly associated (Supplementary Figure 1 ). We therefore pursued genotyping of the markers in these haplotypes in additional cases and controls from Sweden (SWE II), Norway (NOR) and Denmark (DEN), a total of 2353 additional cases and 1770 controls (see Supplementary Table S6 ). For the RGMA gene, the results of single marker association studies in the different cohorts are shown in Table 4 . In view of the gender influence observed in the rat experiments for Eae30, we also stratified the human material for gender. We then observed that the difference in allele frequency is mainly apparent for male and not for female patients. In fact, in the combined material (SWE I, SWE II and DEN), we observed a significant heterogeneity in the association between males and females for the rs34925346 marker with Po0.04. The C allele of this marker was more frequent in male patients (13%) than in controls (9.7%; OR ¼ 1.33 95% confidence interval (CI): 1.04-1.69; Po0.005), whereas no difference in the frequency of this allele was noticed in females (11%; Figure 5 ). Further, there is a significant interaction between the rs34925346 marker and sex, as judged by estimating relative excess risk due to interaction, 30 which was 2.45 (95% CI ¼ 0. 44-4.99) in an analysis of all cohorts except NOR. To evaluate the significance of our findings, we have estimated the false positive report probability (FPRP) for this reported association, which is a function of the prior probability of association and the power of the study (see Supplementary Information and see Supplementary Table  S7 ). For prior odds ranging from 0.01 to 0.002, the FPRP is less than 0.06 (see Supplementary Table S8) , which is less than the FPRP used for genome-wide significance in genome-wide association (GWA) studies. 31 For IL4R, the rs2234897, rs1805011, rs1805015 and rs1801275 markers that were part of the associated IL4R haplotype in the SWE I material and rs12102586, which also showed nominal association in SWE I, were typed in the SWE II material. The rs1805011 marker replaced the rs2234900 marker that did not work in the TaqMan assay, these markers were in complete linkage disequilibrium with each other in the HapMap data, in our material; r 2 ¼ 0.86. These tested IL4R markers did not show any significant association in the SWE II material (data not shown). The rs1801275 marker that was part of the associated haplotype in the SWE I cohort, and has been analyzed in several published investigations, [32] [33] [34] was genotyped in the NOR and SWE II materials and an overall association analysis was performed including reports in the literature. There was no association for this IL4R marker, nor was there significant heterogeneity between the materials ( Figure 6 ). Further, given a previous report that suggested that the IL4R association is mainly observed among DR2-positive MS patients, 32 we repeated the meta-analysis stratified for DR2 for the SWE I, SWEII and NOR materials, but no significant association for rs1801275 was observed (data not shown).
For the IL21R gene, the markers of the rs2107357-rs80603688-rs2214537-rs961914-rs12934152 haplotype were typed in SWE II, NOR and DEN materials ( Table 5 ). The T allele of rs8060368 marker was less frequent among patients than controls in both SWE I Table 1 . The TNF protein levels are significantly higher in the PVG.LEW (PiebaldViral-Glaxo.Lewis) strain compared with PVG. This is also observed in both females and males when analysis was segregated for the different sex subsets. (b) Mean levels of interleukin-6 (IL-6) as measured in supernatant of PBMCs stimulated with LPS for 18 h. The figure represents data from experiment 1 as shown in 2. IL-6 levels are significantly higher in the PVG.LEW strain compared with PVG. When segregated for sex the effect was only observed in females with a weak tendency towards the same effect in males. (c) Clinical experimental autoimmune encephalomyelitis (EAE) course in PVG.LEW congenic strains compared with PVG rats. The LEW.1AV1 allele in the PVG.LEW congenic rats confers increased susceptibility and severity to myelin oligodendrocyte glycoproteininduced experimental autoimmune encephalomyelitis (MOG-EAE) compared with PVG rats. Data shown are from the second experiment as shown in Table 3 . Threshold for significance *** corresponds to Po0.001.
and SWE II. The rs2107357-rs80603688-rs2214537-rs961914-rs12934152 GCCCT haplotype that was associated in SWE I was not associated in the other materials, whereas the GTCCC haplotype was associated in SWE II and GCGCT haplotype in the NOR material ( Table 6 ). The rs8060368-rs2214537-rs961914-rs12934152 CGCT haplotype was positively associated (OR ¼ 1.14 95% CI ¼ 1.06-1.23; Po0.0009) with MS in a joint analysis including the SWE I, SWE II, NOR and DEN materials, whereas the TCCC and TGCT haplotypes with the same markers was negatively associated with MS (OR ¼ 0.87 95% CI 0.80-0.96; Po0.004, and OR ¼ 0.68 95% CI 0.51-0.90; Figure 7 ). Allelic frequency for the CGCT haplotype was 55.1% in patients and 51.9% in controls, and for the TCCC haplotype 18.4% in patients and 20.4% in controls. For prior odds ranging from 0.01 to 0.002, the FPRP is less than 0.04 (see Supplementary Information and see Supplementary Table S9 ).
Correlation of RGMA and IL21R with cytokine expression As expression of certain cytokines may represent important immune sub-phenotypes in MS, we determined whether there were any correlations between the disease-associated genotypes and expression levels of those studied in the rat, that is, TNF and IL6. In addition, the T helper 1-associated cytokine interferon-g (IFN-g) was included in view of its central roles in neuroinflammation. We thus tested for a correlation between the genotype of RGMA, IL4R and IL21R and expression levels of TNF, IL-6, IFN-g in cerebrospinal fluid (CSF) and PBMCs of MS patients and in patients with other non-inflammatory neurological diseases.
For RGMA, we found no correlation between alleles of the disease-associated rs34925346 marker and IFN-g expression in the CSF of MS patients (Supplementary Figure 2 ). However, two markers in the disease-associated region of RGMA correlated to higher IFN-g expression: the G allele of rs6497019 .01 and Po0.001, respectively. In the first experiment, no male rats were used. In experiment 1, significance noticed in the whole group of animals is most probably conferred by females in this experiment, as no statistical significance was noticed in males but only a small tendency towards the same direction as for females. Experiment 2 showed the same tendency of higher IL-6 production in females but not in males. The group of animals used in this experiment was too small for a clear effect to be noticed. and C allele of rs725458 (Po6 Â 10 À3 and Po2.0 Â 10 À2 , respectively; data not shown). These expression correlations were acting in an additive manner and were only observed for female MS patients (Supplementary Figure 2) .
In contrast to the positive impact on IFN-g expression, lower IL-6 expression in CSF of MS patients was associated with the G allele of rs6497019 (Po0.05), again this correlation is only significant among female MS patients (Po0.04, data not shown).
No correlation was found between markers of IL4R and expression of any of the cytokines mentioned above (data not shown).
For IL21R, the rs8060368-rs2214537-rs961914-rs12934152 TGCT haplotype that was negatively associated with MS, displayed a reduced IFN-g expression in PBMCs of MS patients (Po0.02; Supplementary Figure  3) . Carriers of the CCTT haplotype showed increased expression of INF-g and reduced expression of TNF (Po0.02 and Po5 Â 10 À5 , respectively; Supplementary Figure 3 ). This haplotype was not significantly associated with MS.
Discussion
We here demonstrate two narrow QTL: Eae30, linked to MOG-EAE, and Eae31/Pia32, linked to both MOG-EAE and PIA. This suggests central nervous system-specific mechanisms for Eae30 and disease-shared mechanisms for Eae31/Pia32. Furthermore, effects of Eae30 and Eae31/ Pia32 on disease correlate with regulation of cytokine production, implicating underlying mechanisms that involve differential production of cytokines. We could confirm this in the PVG.LEW congenic strain that has a higher incidence, higher mortality rate and more severe disease course together with higher TNF and IL-6 production compared with the parental PVG.1AV1 strain. Despite the high resolution obtained by the AIL approach, formal proof for single genes controlling these important phenotypes is still lacking in the rat, and will require further experimentation. However, limited sets of genes allow association studies in the human population. Thus, findings from the experimental models allowed the formation of hypotheses on the underlying disease genes. We here provide evidence for an association of RGMA and IL21R with MS. The influence of these genes in human MS put them in focus in the rat system also. Breeding of minimal congenic strains are now focused on these genes, which will allow in vivo functional studies and testing of therapeutic strategies in rat models.
Eae30 is a newly defined QTL. Of the few genes within Eae30, our interest was focused on member A of the family of repulsive guidance molecule domains (RGMA), because of its role in the nervous system. The RGMA protein is a membrane-bound molecule originally defined as an axonal guidance molecule in the visual system. 35 The RGMA protein and its receptor, neogenin, have thus mainly been implicated in nervous system development. [36] [37] [38] [39] The role of RGMA in the nervous system and the fact that Eae30 showed linkage exclusively to EAE and not PIA, made it a particularly interesting candidate for studies of association with MS; however, as discussed below variants of the gene may well differentially regulate immune mechanisms. In addition, RGMA is not only expressed in neural cells, but also in macrophages and/or microglia and infiltrating leukocytes, as demonstrated in a spinal cord injury model. 40 Owing to the observed gender influence in EAE, we also stratified our MS material for gender. A meta-analysis showed an association in males with a single marker within RGMA (OR ¼ 1.33) and an association with a CA haplotype (OR ¼ 1.31). Interestingly, SNPs in the associated region of RGMA are in potential transcription binding sites. Despite the extensive data on RGMA in neural cells, our data in EAE and MS thus suggest that variants of RGMA differentially affect immunoregulation, associated with proinflammatory cytokines and antibody responses. The linkage of the Eae30 region to anti-MOG IgG2b suggests that the same gene variant increasing disease susceptibility, also causes a T helper 1 bias of the immune response. 41 It is interesting that SNPs in the disease-associated region of RGMA show association even with expression of INFg and IL6 in CSF. However, at this point, the role of this observation is unclear given that disease association is with rs34925346 among male patients and the expression correlation is mainly for rs6497019 among female patients. Downstream events of RGMA may be consid-
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Eae31 TNF ered mechanistically. The RGMA protein acts through the activation of a RhoA/Rho kinase-dependent pathway activation of myosin II. [42] [43] [44] Inhibition of Rho family functions has been shown to ameliorate EAE in rats, associated with promotion of myelin repair, inhibition of leukocyte infiltration into the central nervous system and a reduced axonal damage. [45] [46] [47] The strong expression of RhoA in active MS lesions and low expression in chronic MS lesions suggest that RhoA also has a role in MS. 47 We can thus hypothesize that variants of RGMA through differential regulation of RhoA result in different immune activation and disease outcome.
In contrast to Eae30, Eae31/Pia32 showed linkage with two organ-specific diseases, EAE and PIA. The Eae31/ Pia32 QTL also displayed linkage to total anti-MOG antibody, IgG1, IgG2b, TNF and IL-6 levels. This probably reflects an overall quantitative effect of the responsible gene(s) on the pathogenic autoimmune response. A remarkable overlap between QTL-affecting clinical phenotypes of both EAE and PIA, along with the production of pro-inflammatory cytokines and MOG antibodies, indicates the presence of shared genetic factors acting on each disease. In the 2.1-Mb region shared among Eae31, Pia32, IL-6, TNF and anti-MOG antibody QTL, we concentrated on two particular genes: the interleukin-4 receptor alpha (IL4R) and interleukin-21 receptor (IL21R). Both in rats and humans, these two receptors are positioned close together (Ensembl genome browser, release 50, July 2008).
Although an initial study of SNPs in IL4R suggested a disease association, additional screening in SWE II, NOR and DEN did not confirm any association of this gene, neither on a haplotype nor on a single marker level.
Neither did meta-analysis of all Nordic materials and previous reports of IL4R associations with MS 33, 34, 48 reveal any association. Nor did we find any correlation between expression levels of TNF, IL-6 and IFN-g and the IL4R genotype. We therefore conclude that there is no contribution of IL4R variants to the susceptibility of MS.
Variants of IL21R displayed association with MS in a meta-analysis of all four Nordic cohorts with a susceptible CGCT haplotype (P-value o9 Â 10 À4 ; OR ¼ 1.14) and two protective haplotypes: TCCC (P-value o4 Â 10 À3 ; OR¼ 0.87) and TGCT (P-value o4 Â 10
À3
; OR ¼ 0.68). In addition, the disease-protective TGCT haplotype also showed an association with lower expression of IFN-g in PBMCs of MS patients. As potential molecular mechanism for these effects, several of the SNPs in the associated region of IL21R can potentially affect the transcription factor-binding sites. Interestingly, after submission of this paper, and consistent with the disease gene-sharing theme, as observed in the rat experiments, an association of polymorphisms in IL21R with systemic lupus erythematosus was recently published. 49 The reported association with systemic lupus erythematosus is not in the same region of the IL21R gene as the association with MS, however, only one marker has been tested in the region we report associated in this investigation. The downstream mechanisms for the genetic influence remain to be demonstrated. However, a differential effect on disease, as observed here, is plausible in view of the pleiotropic effects of the IL21-IL21R pathway on numerous immune mechanisms, including effects on both CD4 þ and CD8 þ T cells, T1/T2 bias, IL-17 production, and B cells and antibody production. 50 Thus, our data on EAE/PIA and MS, and those on systemic lupus erythematosus 49 strongly implicate IL21R variants in the regulation of inflammatory processes in general. Further functional studies on the congenic strain will help our understanding of how IL21R regulates chronic inflammation.
Neither RGMA, IL4R nor IL21R has been identified as the gene that is involved in autoimmune diseases in GWA scans. 7, 11, 14, 31, 51, 52 The region that we report associated in the RGMA region has reasonable coverage of markers in these scans, although rs34925346 marker was not included in any of the scans, nor was stratification-based sex performed in all GWA scans. For IL21R, the poor marker coverage in GWA scans in the region we identified as associated with MS may explain why this gene has not associated with autoimmune diseases in GWA studies.
To the best of our knowledge, this is the first evidence of association of RGMA and IL21R with MS, supported by data from experimental models. Furthermore, our data suggest a new immunomodulatory role of RGMA in neuroinflammatory disease. The IL21R gene can be placed on the growing list of shared disease genes potentially relevant for the regulation of inflammation and inflammatory diseases in general. Both RGMA and IL21R need reproducibility studies in larger materials of MS patients, as is ongoing in large GWA studies. Characterization of RGMA-and IL21R-driven pathways both experimentally and in human material might help in the development of selective therapies and biomarkers.
Materials and methods
Experimental animals
Dark Agouti and Lewis (LEW.1AV1) rats, originally obtained from the Zentralinstitut fü r Versuchstierzucht (Hannover, Germany), and Piebald-Viral-Glaxo (PVG.1AV1) rats from Harlan UK (Blackhon, UK) were bred in the animal facility at the Center for Molecular Medicine at Karolinska Hospital. Advanced intercross line breeding was established starting with two pairs of the major histocompatibility complex-identical DA and PVG.1AV1 female founders, respectively, producing F 1 rats. Seven couples of F 1 rats with both DA and PVG.1AV1 founders were then used to produce the F 2 generation. The G 3 -G 12 generations were created by randomly mating 50 pairs of rats from the previous generation avoiding brother-sister mating. Three litters with 794 AIL-G 10 animals were included in MOG-EAE experiments and 463 AIL-G 12 animals were collected from two litters and included in the PIA experiment.
Breeding of the PVG.LEW-D1Rat270-D1Rat68 congenic rat strain (here named PVG.LEW congenic) was Figure 5 Association of rs34925346 in RGMA with multiple sclerosis (MS) among (a) males and (b) females. Fixed effect Mantel-Haenszel analysis and Woolf's test for heterogeneity were performed in R using the meta.MH command in the rmeta package, P-values were estimated in Unphased with study group as a covariate. 62 The analysis was performed using the frequency of the C allele of rs34925346 in males and females separately. No significant heterogeneity between the study groups was observed. Odds ratio (OR) ¼ 1.33 among males (95% confidence interval (CI): 1.04-1.69; Po0.006), among females OR ¼ 1.04 (95% CI ¼ 0.89-1.21). The frequency of this haplotype was 9.7% among male controls. As sex was not available for the Norwegian (NOR) controls, this cohort was not included in the sex stratified analysis. Figure 6 Association of rs1801275 in IL4R with multiple sclerosis (MS) in eight patient cohorts. Fixed effect Mantel-Haenszel analysis and Woolf's test for heterogeneity were performed in R using the meta.MH command in the rmeta package. The analysis was performed using frequency of the G allele for rs1801275 (also called Q576R and Q551R). The data have been collected from the studies by Suppaih et al., 33 Quirico-Santos et al., 34 and Hackstein et al. 48 No significant heterogeneity between studies was detected. The overall odds ratio (OR) was 0.99 (95% confidence interval (CI): 0.91-1.07). generated by selective transfer of an approximately 63-Mb fragment from LEW.1AV1 (donor strain) into a background of the major histocompatibility complexidentical PVG.1AV1 (recipient) rat strain. Initially, (PVG.1AV1 Â LEW.1AV1) F 1 rats were backcrossed to PVG.1AV1 females to produce the N 2 generation. Rats from the N 2 generation were genotyped with 11 markers on chromosome 1 spanning from D1Rat270 to D1Rat68. For each backcross, one male rat containing this fragment from LEW.1AV1 was selected and crossed to two PVG.1AV1 females. After the tenth generation, rats heterozygous for the whole region were intercrossed to produce homozygotes for this region. The congenic strain, PVG.LEW-D1Rat270-D1Rat68 (N10F1), was used in all MOG-EAE and in vitro experiments described.
Animals were kept in a pathogen-free and climatecontrolled environment in polystyrene cages containing aspen wood shavings with free access to standard rodent chow and water with regulated 12-h light/dark cycles. Rats were continuously tested according to a healthmonitoring program at the National Veterinary Institute (Statens Veterinärmedicinska Anstalt) in Uppsala, Sweden. All animal experiments were approved by the local ethics committee of Northern Stockholm.
Induction of EAE and clinical evaluation
Recombinant rat MOG (rMOG) corresponding to amino acids 1-125 of the N-terminus was expressed in Escherichia coli and purified to homogeneity by chelate chromatography. 53 Rats were anesthetized with isoflurane (Forane; Abbott Laboratories, North Chicago, IL, USA) before immunization. In total, 794 AIL-G 10 rats were immunized subcutaneously in the dorsal tail base with a 200-ml inoculum containing 20 mg rMOG in saline, emulsified 1:1 with incomplete Freund's adjuvant (Sigma-Aldrich, St Louis, MO, USA). Congenic rats used in clinical MOG-EAE experiments were age-matched and were aged between 12 and 20 weeks. Congenic rats and control rats were immunized using the same induction protocol as for AIL rats and complemented with 20 mg ml À1 of Mycobacterium tuberculosis, strain 37 RA (Difco Laboratories, Detroit, MI, USA).
Different rMOG concentrations were used for congenic immunizations depending on the rMOG batch used for the particular experiment. Rats in experiments 1 and 2 (Table 3) were immunized with the same rMOG batch using recombinant rMOG in complete Freund's adjuvant, with the concentrations 150 and 200 mg per rat, respectively. Rats used in experiment 4 were immunized with a second rMOG batch with 40 mg rMOG in complete Freund's adjuvant per rat. In experiment 1, we used 60 mg rMOG in complete Freund's adjuvant per rat of a third rMOG batch. A single immunization was performed in experiments 1 and 2 as described above. Owing to the variation of potency among different MOG batches, a boosting of immunization was required for disease induction in experiments 3 and 4. Rats were boosted on day 20 with the same rMOG dose as in the initial immunization but excluding the M. tuberculosis in the boosting experiment for an incomplete adjuvant. Animals were monitored daily for clinical EAE signs starting from day 7 after immunization to day 40 following a scoring scale as follows: 0, no clinical signs; 1, tail weakness or paralysis; 2, hind leg paraparesis or hemiparesis; 3, hind leg paralysis or hemiparalysis; 4, tetraplegy or moribund and 5, death. Rats were killed if severe balance disturbance, weight loss greater than 20% compared with the day of immunization and/or severe disease for more than 1 day were noticed.
Induction of pristane-induced arthritis
Pristane-induced arthritis experiments were carried out in G 12 generation of AIL. Animals aged 120-150 days received one intradermal injection at the dorsal base of the tail of 200 ml pristane (C 19 H 40 ; Sigma). The animals were visually examined every second day, and arthritis was scored for each paw as follows: 0, no joints affected; 1, one type of joint affected (redness and/or swelling); 2, two types of joints affected; 3, three types of joints affected; and 4, entire paw affected. The types of joints examined were peritarsal, intratarsal and ankle joints. Scores were added, yielding a total score for all four limbs ranging from 0 to 16. Animals were scored until 72 days post-injection. Signs of chronic arthritis were evaluated from day 40 post-injection, and every 10 days by comparing paw maps depicturing inflamed joints at a given time point. Arthritis was classified as chronic when new sites of inflammation appeared over time, as previously described. 54 Other macroscopic phenotypes analyzed were: incidence, the cumulated number of affected rats (scoresX1) over time, divided by all tested rats; severity, the maximal score (1-16) attained by each affected rat; day of onset, the first recorded sign of joint inflammation; maximum arthritis, the maximal score (0-16) attained by each tested animal; and cumulative score of arthritis, the sum of score over time attained by each tested animal.
Genotyping of the AILs for MOG-EAE and PIA models
Genomic DNA was extracted from tail/ear tips. Primers for microsatellite markers (simple sequence length polymorphisms) spanning the 79-Mb region mapped in F 2 26 were selected from two genomic databases: the Rat Genome Database and Ensembl Genome Browser. The following 28 simple sequence length polymorphisms were used for genotyping AIL both in G 10 and G 12 : D1Rat217, D1Got101, D1Rat269, D1Rat200, D1Mit137, D1Rat321, D1Rat37, D1Rat270, D1Rat183, D1Rat41, D1Rat209, D1Rat273, D1Rat131, D1Rat158, D1Rat51, D1Rat139, D1Rat437, D1Rat155, D1Rat193, D1Rat66, D1Rat65, D1Got334, D1Arb19, D1Mit13, D1Rat287, D1Rat110, D1Got170 and D1Rat68. Forward primers fluorescently labeled with VIC, NED, PET (purchased from Applied Biosystems, Foster City, CA, USA) reverse primers and 6-FAM-labeled forward primers (Proligo, Paris, France) were amplified by PCR according to a standard protocol. The PCR products were separated using the capillary electrophoresis sequencer (ABI3730) and analyzed using the GeneMapper v3.7 software (Applied Biosystems).
Linkage analysis and statistical analysis of AIL and congenic experiments Linkage analysis with interval mapping of rat chromosome one was performed on data obtained from the MOG-EAE experiment in AIL-G 10 rats and PIA experiment in AIL-G 12 rats, respectively, using R/qtl software version 2.5.1. 55 Interval-mapping analysis was performed by implementation of the Haley-Knott regression model to identify QTL of main effect. 55 Two-dimensional scans with a two-QTL model were used to identify epistatic QTL. Finally, a fit multiple-QTL model test was performed, providing information regarding the interaction of both an additive and epistatic character between Figure 7 Association of rs8060368-rs2214537-rs961914-rs12934152 haplotypes in IL21R with multiple sclerosis (MS) in four Scandinavian case-control studies. Fixed effect Mantel-Haenszel analysis and Woolf's test for heterogeneity were performed in R using the meta.MH command in the rmeta package. P-values for overall association is from a joint association test in Unphased v3.0.13 using study cohort as a covariate. 62 No significant heterogeneity between the study groups was observed. The haplotype frequencies among controls are given in the figure. two loci by making an association between all pairs of markers and inter-marker positions along the investigated region of a chromosome. We constructed a fit model to confirm the linkage to Eae30 and Eae31 and the observed interactive intQTL using the following formula of variance in R/qtl software: y BEae30 þ intQTL þ Eae31 þ Eae30: intQTL. On dropping the effect of each QTL and the interaction at a time, an impact of the particular QTL is determined.
Permutation analysis could not be used for the determination of significance levels due to the structure of the AIL. Therefore, a residual threshold approach, in which each animal's value for a phenotype was subtracted from the mean value of this particular phenotype for the family of origin, was applied. Confidence intervals in linkage studies have previously been defined by a 1-LOD (logarithm of the odds) drop from the peak marker in a quantitative trait locus. 56 In our case, we applied a more stringent confidence interval of 2-LOD drop from respective peak marker to insure a full coverage of potential candidate genes, as compared to the previously suggested 1.8-LOD drop for intercrosses. 57 Data for ELISA, expression analysis and differences in cumulative and maximum EAE scores in the EAE experiments were analyzed using Kruskal-Wallis and Mann-Whitney ranking tests (JMP, version 7, SAS Institute, Cary, NC, USA). The binomial clinical EAE phenotypes, that is, EAE incidence and mortality, were analyzed using Fisher's exact test. The thresholds for statistical significance were set as follows: *P-valuep0.05; **P-valuep0.01; ***P-valuep0.001.
Anti-MOG antibody measurement
Levels of MOG antibodies, IgG1, IgG2b and total IgG were determined by ELISA in blood sera from rats of AIL-G 10 collected on day 12 post immunization with MOG. The 96-well ELISA plates (Nunc, Roskilde, Denmark) were coated with 10 mg ml À1 of rMOG (100 ml per well) overnight at 4 1C and then washed with phosphate buffered saline/0.05% Tween 20. A solution of 5% fatfree milk in phosphate buffered saline/0.05% Tween 20 was used to block free binding sites in the ELISA plates for 1 h at room temperature. The diluted blood sera and control sera, previously determined from pilot studies as containing high concentration of respective isotype to be used for standard curves, were added after washing and incubated for 1 h at room temperature. An additional wash was performed before incubation of rabbit anti-rat IgG (1:2000), IgG1 (1:1000) or IgG2b (1:2000) (Nordic, Tilburg, The Netherlands) for 1 h at room temperature. Unbound antibodies were washed away and plates incubated with peroxidase-conjugated goat anti-rabbit antiserum (Nordic) (1:10000) for 30 min at room temperature. A final wash was carried out before visualizing the bound antibodies with 3,3 0 ,5,5 0 -tetramethylbenzidine (Sigma). Reactions were stopped by incubation with 1 M HCl for 15 min in darkness and optical density was read at 450 nm.
Stimulation of peripheral blood mononuclear cells with LPS
Blood samples from rat-tail tips were collected in lithium Heparin Microtainer tubes (Falcon; Becton-Dickinson, Franklin Lakes, NJ, USA). Stimulation with LPS was then performed as reported previously. 26 Supernatants from whole blood stimulations were collected after 18 h and stored at À70 1C. Protein quantifications for TNF and IL-6 were performed using ELISA. In a follow-up study, three new cohorts were used from Sweden, Norway and Denmark. The second Swedish case-controls study (SWE II) consisted of 705 newly diagnosed MS patients and 663 age-and sexmatched controls from Sweden, and additional 588 MS cases. The median age at onset for the SWE II cases was 31.5 years with a range of 11-64 years of age; median age at sampling was 37 years. About 67% of the SWE II cases and 77% of the controls were female.
Protein quantification
The Norwegian cohort (NOR) of 548 MS patients (72% females) and 554 blood donor controls (54% females) had a median age of 54 years (range 22-90 years) and 46.6 years for the blood donor controls (range: 34-58 years).
The Danish cohort (DEN) consisted of 512 MS patients (56% females) between 20 and 80 years of age (median: 43 years), and 553 blood donor controls (39% females) between 20 and 78 years of age (median: 40 years).
Oral and/or written consent was given by all individuals involved in the study. All human experiments were approved by the local ethics committees of Stockholm, Denmark and Norway.
Haplotype tagging
Tagging SNPs (tSNPs) were identified using genotypes available at the HapMap database on Caucasian families for SNPs covering the investigated genes. We used TAGGER in Haploview v3.32 for identifying tSNPs with r 2 X0.8 and allowing aggressive two and three marker tagging. A total of 97 tSNPs were used for the mapping of RGMA (36 tSNPs), IL4R (25 tSNPs) and IL21R (36 tSNPs) in SWE I. In addition, nine markers were selected in regions in which there were large gaps between the markers in the HapMap data, and in which there did not seem to be strong linkage disequilibrium. Furthermore, two non-synonymous SNPs or markers in potential transcription binding sites, as judged by an analysis using the RAVEN program, were included. For a total of 14 markers our genotype assay did not work or was of poor quality (success rate o80% or did not follow Hardy-Weinberg equilibrium; Po0.01). Thus, 36 markers in RGMA, 24 markers in IL4R and 32 markers in IL21R were analyzed in the SWE I material (see Supplementary  Table S1 and Supplementary Figure 1) . The follow-up studies in SWE II, NOR and DAN were only genotyped with the associated tSNPs from SWE I screening, either through single marker association or haplotype associations. The RGMA region was genotyped with rs1881842, rs34925346, rs997941, rs6497019, rs105-20720 and rs725458. The IL4R region was mapped with rs2234897, rs1805011, rs2234900, rs1805015, rs1801275 and rs12102586, whereas IL21R was mapped with rs2107357, 8060368, rs2214537, rs961914 and rs12934152.
Genotyping of the human material Genotyping of the SWE I cohort took place at the Mutation Analysis Facility, Karolinska Institutet, on a Sequenom MassARRAY SNP Genotyping Platform that uses matrix-assisted laser desorption/ionization time-offlight 60 for detection of allelic variants. Extension assays were based on the IPLEX technique. Primer sequences are available upon request, for further details regarding the genotyping see the study by Roos et al. 59 A total of 92 out of 106 initially considered SNPs passed quality control. The quality control requirements were HardyWeinberg P40.01 and success rate 480%. The genotyping was further validated using a set of 14 trio families (42 individuals) with genotype data available through the HapMap consortium; concordance analysis with the HapMap data (97.7% concordance). The follow-up studies on SWE II, NOR and DEN were genotyped with TaqMan SNP genotyping assays using a 7900 HT Fast Real-time PCR system (Applied Biosystems), as previously described. 61 The rs2234900 assay could not be designed for TaqMan and was thus replaced with rs1805011, a nearby SNP in complete linkage disequilibrium.
Association analysis and genotype-expression correlations Differences in allele frequencies between MS patients and controls were tested through single marker association analysis using the model commands in PLINK v 1.04. Haplotype association analyses in blocks with high linkage disequilibrium were performed in Haploview 3.32. A joint meta-analysis test of association for all tested MS populations with the study cohort, as a covariate in Unphased 62 was performed using the software Unphased v3.0.13. Evidence of association was also confirmed in Unphased and the software PLINK v1.04 (for the haplotype analysis) resulting in similar results.
Differences in expression levels between carriers of different alleles were assessed in Unphased program after transformation, if necessary, to achieve normal distribution of the expression levels. Association between haplotypes and expression levels was analyzed in the haplo.stats package in R using an additive model. Correlation between single marker alleles and expression levels was also confirmed in GraphPad Prism software Version 5.01 using a non-parametric Mann-Whitney test.
Preparation of PBMCs and CSF cells
Peripheral blood from patients with MS (n ¼ 370; mean age: 39 years; range: 16-77 years; 68.1% females and 31.9% males; 94% with and 6% without IgG oligoclonal bands in CSF) and individuals with other neurological diseases (n ¼ 90; mean age: 39 years; 72.2% females and 27.8% males; all without IgG oligoclonal bands in CSF) were used for our expression studies. Paired CSF cells from MS (n ¼ 322; mean age: 39 years; range: 16-77 years; 71.1% females and 28.9% males; 94% with and 6% without IgG oligoclonal bands in CSF) and other neurological diseases (n ¼ 74; mean age: 39 years; 68.9% females and 31.1% males; all without IgG oligoclonal bands in CSF) were also included. All MS patients fulfilled the McDonald criteria. The CSF was collected in siliconized glass tubes or polypropylene tubes, and immediately centrifuged to recover the pellet and stored at À80 1C until use for RNA preparation. The peripheral blood was sampled in sodium citrate-containing cell preparation tubes (Vacutainer CPT, Becton-Dickinson). Peripheral blood mononuclear cells were separated by density gradient centrifugation. Cells from the interphase were collected and washed twice with phosphate buffered saline. More than 95% of the cells were viable. Finally, cells were pelleted, frozen on dry ice and stored at À80 1C until use. All human experiments were approved by the local ethics committee of Northern Stockholm.
Relative quantification of mRNA by real-time quantitative PCR Total RNA was extracted from cell pellets using PicoPure RNA isolation kit (Arcturus Bioscience, Mount View, CA, USA) according to the manufacturer's instructions. Samples were treated for 15 min with DNase (Qiagen Rnasefree DNase set, Hilden, Germany) to eliminate contamination of genomic DNA. Preparation of complementary DNA was carried out with 10 ml of total RNA, random hexamer primers (0.1 mg; Gibco BRL, Life Technologies, Täby, Sweden) and Superscript Reverse Transcriptase (200 U; Gibco BRL). Quantitative analysis of messenger RNA expression was performed with iQSYBR green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) using the iCycler thermal cycler, iQ5 Real-Time PCR detection system. We used Beacon Designer 6.0 software (PREMIER Biosoft International, Palo Alto, CA, USA) to design the primers for glyceraldehyde-3-phosphate dehydrogenase, TNF, IFN-g and IL-6 (primer sequences and PCR protocols can be provided on request). Sequencing of the different bands (Cybergene AB, Huddinge, Sweden) confirmed homology with the reported sequences for the human genes. Relative quantification of messenger RNA was calculated by the standard curve method using the Bio-Rad iQ5 Optical System Software Version 2.0 with endogenous glyceraldehyde-3-phosphate dehydrogenase as a background expression control. The standard curves were created using five serial dilutions (1:10, 1:102, 1:103, 1:104 and 1:105) of either tested amplicons for each target or complementary DNA from human blood cells stimulated with ConA.
Estimation of the false positive report probability We have estimated the probability that the association between MS and Eae30 and Eae31 is false by estimating the FPRP as suggested by Wacholder et al. 63 The FPRP depends on the prior probability of association, the power of the study and the significance threshold: FPRP ¼ 1=ð1 þ posterior odds for true associationÞ Posterior odds for true association ¼ prior oddsÂpower=significance threshold
The estimation of these measures is given in the Supplementary Information.
